Swine influenza virus and Streptococcus suis are two important contributors to the porcine respiratory disease complex, and both have significant economic impacts. Clinically, influenza virus and Streptococcus suis co-infections in pigs are very common, which often contribute to severe pneumonia and can increase the mortality. However, the co-infection pathogenesis in pigs is unclear. In the present study, co-infection experiments were performed using swine H1N1 influenza virus and Streptococcus suis serotype 2 (SS2). The H1N1-SS2 co-infected pigs exhibited more severe clinical symptoms, serious pathological changes, and robust apoptosis of lungs at 6 days post-infection compared with separate H1N1 and SS2 infections. A comprehensive gene expression profiling using a microarray approach was performed to investigate the global host responses of swine lungs against the swine H1N1 infection, SS2 infection, co-infection, and phosphate-buffered saline control. Results showed 457, 411, and 844 differentially expressed genes in the H1N1, SS2, and H1N1-SS2 groups, respectively, compared with the control. Noticeably, genes associated with the immune, inflammatory, and apoptosis responses were highly overexpressed in the co-infected group. Pathway analysis indicated that the cytokine-cytokine receptor interactions, MAPK, toll-like receptor, complement and coagulation cascades, antigen processing and presentation, and apoptosis pathway were significantly regulated in the coinfected group. However, the genes related to these were less regulated in the separate H1N1 and SS2 infection groups. This observation suggested that a certain level of synergy was induced by H1N1 and SS2 co-infection with significantly stronger inflammatory and apoptosis responses, which may lead to more serious respiratory disease syndrome and pulmonary pathological lesion.
Introduction
China Center for Type Culture Collection (CTCC, Wuhan, China) and cultured in Dulbecco's modified Eagle medium (DMEM) (Invitrogen, Carlsbad, CA) supplemented with 10% heatinactived fetal bovine serum (FBS) (HyClone, Logan, UT), 100 units/mL penicillin and 100 μg/ mL streptomycin (Invitrogen) at 37°C with 5% CO2. An SS2 strain, 05ZY, was isolated from the brain of a diseased piglet in Sichuan Province, China in 2005. Colony forming units (CFU) were counted through serial dilutions of bacteria on tryptic soy agar (TSA) plates supplemented with 5% (v/v) FBS.
Infection experiment
The pigs used in the present study were raised in isolated facilities and determined to be negative for influenza virus antibody and SS2 antibody by analyzing the pig sera with hemagglutination inhibition test and enzyme-linked immunosorbent assay, respectively. The pigs were randomly divided into four groups with three pigs per group. The assigned groups were as follows: H1N1 infection alone (H1N1), SS2 infection alone (SS2), H1N1 and SS2 co-infection (H1N1-SS2) and PBS control. Considering the animal welfare and avoiding the waste, H1N1 and control groups were the same as those used in our previous study [17] , because the two experiments were performed at the same time and under same conditions. Each group was housed in an isolated room. At 35 day of age, the H1N1 and H1N1-SS2 groups were inoculated intranasally with 2 mL of 10 7.0 EID 50 /mL of the H1N1 swine influenza virus, and the other pigs were inoculated with PBS. On day 3 of the experiment (3 d after H1N1 challenge), the SS2 and H1N1-SS2 groups were inoculated intranasally with 2 mL of PBS containing 10 6.0 CFU/mL SS2 strain ZY05. The H1N1 and control groups were treated similarly with PBS. Considering the biological features of swine H1N1 virus and to be much closer to the natural infections, we performed the H1N1 infection first and then SS2 infection. All pigs were monitored daily for rectal temperature and clinical signs. The nasal swabs were obtained from the right nostrils every other day using sterile cotton swabs. On day 6 of the experiment, all pigs were humanely euthanized by intravenous injection of 60 mg/kg body weight sodium pentobarbital. Lungs from all groups were immediately obtained. The macroscopic lesions of lung tissues were estimated visually, and scored blindly by a pathologist. Lesion areas in left caudal lobes of the lungs were immediately frozen and stored in liquid nitrogen after collection until RNA extraction, and another area in the same lobes was used for isolating the virus and bacteria. Lesion areas in right caudal lobes were fixed in formalin and embedded in paraffin, sectioned at 5μm, and stained with hematoxylin and eosin for further histopathologic evaluation. Slides were randomized, and read blindly by an experienced pathologist. At least 6 sections per lung from each group were examined microscopically for tissue damage, necrosis, apoptosis, and inflammatory cellular infiltration.
Virus and bacteria isolation
At specified time points, the collected nasal swabs were inserted into vials containing 1.5 mL of sterile PBS supplemented with 100 U/mL penicillin and streptomycin. After thorough vortex, the vials were centrifuged at 12,000 rpm at 4°C for 10 min. The supernatants were collected, and the virus titer was quantified as EID 50 . To prevent cross-contamination, separate sterile instruments were used to collect the lungs of pigs from each group, which were homogenized in sterile PBS and then centrifuged to collect the supernatant. Virus titer was quantified as EID 50 , and SS2 content was determined by incubation on TSA plates supplemented with 5% (v/v) FBS for CFU counting.
Agilent microarray experiment
The same areas in the lungs from each group were sampled for RNA extraction using TRIzol (Invitrogen, Carlsbad, CA) and RNaeasy MiNi Kit (QIAGEN) according to the manufacturer's instruction. The microarray experiments were performed as previously described [17] . RNA labeling and hybridization were performed using a commercial Agilent array (Shanghaibio, China) that followed the standard one-cycle protocol according to the manufacturer's instructions. Transcriptional profiles were assessed using Agilent 4x44K Porcine Oligo Microarray. The hybridization and scanning of the arrays were conducted using a G2565BA Scanner (Agilent Technologies, Palo Alto, CA) according to the standard protocol. The hybridization data were normalized using Agilent Feature Extraction Software. ANOVA was used to analyze the data. The raw and processed microarray data of H1N1 and control groups used here were described as our previous study [17] , because these two experiments were performed under same conditions. All differentially expressed (DE) genes were then examined using hierarchical cluster (Ver. 3.0) and TreeView (Ver. 1.1.1) analyses [18] . Genes with significant similarities (greater than 70%) to transcripts in the nr database which were functionally annotated based on BLASTX searches were selected for GO and pathway analyses using MAS 3.0 software, which is based on DAVID and KEGG databases (CapitalBio, Beijing, China) [19] . All DE genes were identified by setting a fold change (FC) > 1.5 and p < 0.05 as the criteria.
Real-time quantitative PCR (RT-qPCR)
RT-qPCR was used to validate the expression data. RNA was extracted using TRIzol (Invitrogen). RNA (0.5 μg) was reversely transcribed in a 20μl reaction mixture containing 2 μl avian myeloblastosis virus (AMV) buffer, 50 pM Oligo18T, 0.5 mM dNTPs, 10 U RNase inhibitor and 10 U AMV reverse transcriptase (TAKARA, Japan), and the gene expression was monitored through a Power SYBR Green PCR master mix kit (Applied Biosystems) with corresponding primers. The fluorescence signals were measured using the ABI ViiA7 PCR system (Applied Biosystems). GAPDH was used as the internal control, and all gene expressions were normalized to GAPDH. The primers used are listed in S1 Data.
Microarray Data Accession Number
The raw and processed data in this study have been deposited in NCBI's Gene expression omnibus and are accessible through GEO Series accession number GSE60172.
Statistical analysis
Standard two-sample t-tests were used to compare virus titers, gene expressions, lung pathological damage score, and the apoptosis rate among infection groups. All data are expressed as the mean ± SEM. A value of P < 0.05 was considered statistically significant.
Results

Clinical signs and pathological evaluation
To assess the infection process, clinical signs were observed daily starting from 1 d before challenge (day 0) ( Table 1) . The H1N1 and H1N1-SS2 groups experienced fever, which started on day 1, reaching to 40.8°C and 40.9°C, respectively, on day 3. In the H1N1 group, coughing, nasal discharge, and anorexia were observed. Clinical signs recovered to normal on day 6. However, in the H1N1-SS2 co-infection group, in addition to the signs observed in H1N1 group, pigs also exhibited high fever (41.5°C, 41.8°C, and 41.5°C) on day 6. Moreover, limp and arthrocele, which are the typical symptoms of SS2 infection, were observed. In the SS2 infection group, all pigs did not show any abnormal sign before inoculating with SS2. However, 3 d after SS2 infection (day 6), the SS2 group exhibited typical SS2 infection symptoms, such as lameness, joint swelling, lethargy to different extents, and one pig exhibited fever over 40.5°C. Notably, the H1N1-SS2 co-infection group exhibited more severe symptoms compared with the SS2 infection alone group. To investigate pathological damage to lungs of infected pigs, pigs were euthanized on day 6, and the macroscopic lesions of lungs tissues were estimated visually (S2 Data). Much more serious lung pathological damage was caused by co-infection, including hyperemia, necrosis, bleeding, and consolidation, compared with separate infections. Microscopic pathological changes in the lungs were also evaluated ( Fig 1A, S3 Data (Control), S4 Data (H1N1), S5 Data (SS2), and S6 Data (H1N1-SS2)). All groups except the control exhibited different degrees of pathological damage. Extensive lung damages (that were, extensive cellular infiltrates, bleeding, and cellular debris) were observed in H1N1-SS2 group. However, H1N1 and SS2 groups showed lesser lung damages. These observations were supported by blinded histological scoring (Fig 1B) . These results demonstrated that H1N1 and SS2 co-infection increased the pathogenicity.
Virus and bacteria isolation
The swabs, which were used for virus isolation, were collected from all pigs every 2 d after inoculation. As expected, virus were isolated from the pigs in the H1N1 and H1N1-SS2 groups on days 2, 4, and 6 (Fig 2) . The virus titer in the H1N1-SS2 groups was slightly but significantly higher than that in the H1N1 group on day 6. On day 6 after inoculation, all pigs were humanely euthanized, and viruses in lungs were also detected in both the H1N1 and H1N1-SS2 groups. The virus titer in the H1N1-SS2 group was also significantly higher than that in H1N1 group (Fig 2) . No virus was isolated from the SS2 and control groups. However, no significant difference was observed on the bacterial loads in the lungs between the H1N1-SS2 and SS2 groups (data are not shown). No bacteria were detected in the H1N1 and control groups.
Global gene expression modified by each infection
To further understand the H1N1 influenza virus and SS2 co-infection pathogenesis in pigs, Agilent microarray assay was performed to analyze the gene expression in the lungs from each group. The expression profiles of porcine lungs of the infected groups were compared with that in the control group. After quantile normalization and statistical analyses, 1314, 1353, and 2652 transcripts were identified to be different expression in H1N1, SS2, and H1N1-SS2 groups, respectively. These transcripts represented the corresponding 457 genes (230 upregulated and 227 downregulated), 411 genes (199 upregulated and 212 downregulated), and 844 (Fig 3A) . Interestingly, inflammatory response and apoptosis were more intensely activated in the H1N1-SS2 group compared with the H1N1 and SS2 groups, indicating that they may have important roles in the infection process. To gain insight into the different biological processes of each infection, pathway analysis was also performed on the DE genes. Those containing more genes were selected for the analysis (Fig 3B) , which showed that more DE genes were clustered in the immune and inflammation response (cytokine-cytokine receptor interaction, MAPK signaling, Toll-like receptor (TLR) signaling, JAK-STAT signaling pathway, antigen processing and presentation, and Complement and coagulation cascades) and apoptosis in the H1N1-SS2 group than the two other infection groups.
Genes related to inflammatory response
The DE genes associated with inflammatory responses were examined to further investigate the different gene expression. H1N1-SS2 co-infection increased the expression of more cytokinecytokine receptor interaction genes compared with the other two infection groups (Fig 3B and  Tables 2, 3 and 4) . These genes included interferon receptors IFNAR1 (1.74-fold), IFNAR2 (2.27-fold), and IFNGR1 (1.73-fold). Several interleukin receptors were also significantly upregulated, including IL13RA1 (1.65-fold), IL1R2 (4.56-fold), and IL4R (2.15-fold). In addition, co-infection significantly regulated the mRNA expression of several chemokine and chemokine receptor genes, including CCL3 (1.62-fold), CX3CL1 (1.7-fold), CXCL16 (0.56-fold), CCR1 (2.23-fold), and CXCR4 (1.55-fold). Although the pro-inflammatory cytokine TNF-α was not significantly regulated, five tumor necrosis factor receptor superfamily genes were significantly regulated in the co-infection group (Table 4) . To describe the inflammatory responses, several genes related to inflammation were tested by RT-PCR ( Fig 4A) . It indicated that TLR4 and MYD88 were significantly increased in H1N1-SS2 infection group, which play important roles in TLR signaling. IL-8, CCL2, and IL-6 were also remarkably increased in the co-infection group.
Robust apoptosis response to H1N1-SS2 co-infection
The microarray analysis results showed that a number of genes involved in apoptosis were markedly upregulated to various extents in the H1N1-SS2 group (Table 5 ). These genes included the tumor necrosis factor receptor (TNFR) superfamily members (TNFRSF10A, TNFRSF1B, and TNFRSF8), genes involved in the activation cascade of caspase that is responsible for apoptosis (CASP2, CASP3, and CASP4) and BCL2-like genes (BCL2L11 and BCL2L14). qRT-PCR also demonstrated co-infection significantly increased expressions of CASP2, CASP3, BC2L11, FASLG, and TNFRSF8 ( Fig 4B) . The markedly expressed apoptosisassociated genes in H1N1 and SS2 groups were relatively lesser in the H1N1-SS2 group. Thus, apoptosis in each group was further investigated. Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) was used to detect cell apoptosis in the lungs from each group. Fig 5A showed that the H1N1 and SS2 infections caused significant apoptosis, compared with the control. However, H1N1-SS2 co-infection notably triggered the significantly more cell apoptosis rate compared with the two other infections (Fig 5B) . This result was consistent with the Virus isolation of nasal swabs and lungs in each group. Swabs were collected from the right nostrils of pigs from each group every other day. The obtained nasal swabs were inserted into vials containing 1.5 mL of sterile PBS. Supernatants were collected and viruses were qualified as LgEID 50 . At the day 6 of the experiment, all pigs were humanely euthanized and lungs were collected and homogenized in sterile PBS and then centrifuged to collect the supernatant. Virus titer was quantified as LgEID 50 . Data were showed as mean ± SEM by Student's t-test. P-value less than 0.05 was noted with a single-asterisk and pvalue less than 0.01 was noted with a double-asterik.
doi:10.1371/journal.pone.0124086.g002 modification of the significantly regulated genes involved in apoptosis by each infection ( Table 5 ). The result suggested that abundant cell apoptosis induced by H1N1 and SS2 coinfection would contribute to the enhanced virulence.
Validation of microarray data by qRT-PCR
qPCR was performed to validate the expression patterns during infections for specific genes on the same samples used in the microarray analysis. Eight genes (NCF4, CD14, IL17D, CD1D, CD163, IL1R2, TLR9, and TLR2) with different expression in each infection group were selected for qPCR analysis (Table 6 ). All selected genes were regulated with the same pattern as in the microarray assay through qPCR analysis, although a variation in the fold changes was observed between qPCR and microarray. This phenomenon may arise from the different sensitivities and accuracies between the two techniques. The coincident expression pattern indicated the reliability of the microarray analysis. 
Discussion
Clinically, influenza virus and S. suis co-infections are common. We also investigated the coinfections in pig farms in the Hubei Province of China using serological test, which exhibited a high co-infection rate (S7 Data). The altered host response after swine influenza virus infection predisposes to secondary bacterial infection because of the complicated mechanisms that would significantly increase the mortality rate. Secondary infection by S. suis is an example of such case. However, the molecular mechanisms underlying this high mortality rate have not yet been established. The augmented host response is considered as a critical factor for the severe pathogenicity of influenza virus infection in humans [20] . Therefore, a genome expression analysis was performed to obtain comprehensive information on the host responses in the lungs of infected pigs through H1N1, SS2, and H1N1-SS2 infections. The clinical and pathological findings demonstrated that H1N1 and SS2 co-infection enhanced the virulence in pigs. In addition, the transcriptional profiles indicated that co-infection resulted in augmented inflammatory and apoptosis responses, which could account for the increased pathogenecity. The increased virulence of co-infection might also be attributed to the enhanced viral replication or SS2 growth. Increased viral load was observed in lungs and nasal swabs in co-infection group, which might play a role in the virulence. However, the SS2 content in lungs was not significantly different between SS2 and H1N1-SS2 groups in the present study. It suggested that the H1N1 infection might not contribute to the enhanced SS2 growth in pig lungs. Yet, in spite of this, H1N1 infection could damage the epithelia lining of the bronchi and lungs, allowing the SS2 a foothold, and therefore strengthened and disordered the host responses, especially the immune responses in a synergetic manner.
Inflammatory responses were enhanced in response to H1N1-SS2 coinfection
TLRs are families of pattern-recognition receptors that sense the invasion of pathogenic microorganisms and trigger innate immune responses. Our data showed that several genes in the TLR signaling were significantly but differently regulated in each infection group. For instance, CD14 was markedly upregulated in SS2 and H1N1-SS2 infection groups. CD14 has been identified as an LPS receptor [21] , which can bind to the LPS-binding protein (LBP) [22] . LBP catalyzes the transfer of LPS to CD14, which then mediates the transfer of LPS to the membrane, where LPS binds with the TLR4-MD-2 complex, leading to the nuclear factor-kappa B (NF-κB) activation [23, 24] . TLR4 is necessary in this LPS signal transduction process. In fact, CD14 is an essential co-receptor of influenza virus recognition, which is necessary for inflammatory cytokine production induced by influenza virus [25] . TLR4 signaling has also been reported as a key pathway of the acute lung injury induced by H5N1 infection and can be blocked by the TLR4 antagonist, thus protecting the mouse from influenza virus [26, 27] . Based on the microarray data, TLR4 and LBP were slightly but markedly upregulated (1.79-and 1.8-fold, respectively) in the H1N1-SS2 co-infection group (Table 4) . However, these genes were not significantly changed in the H1N1 or SS2 infection alone group. MYD88 is an H1N1-SS2 Co-Infection in Pigs and Microarray Analysis important signaling adapter that contains the toll/IL-1R domain, which can mediate the TLR4 signaling response [28] , to elicit a pro-inflammatory response [29] . The results showed that MYD88 was significantly upregulated in the H1N1-SS2 group at 2.32-fold compared with that in the other two infection groups. These results demonstrated that TLR4 signaling have some important roles in the co-infection pathogenesis. Several studies have previously determined that S. suis was mainly recognized by TLR2, which is associated with CD14 and activates the proinflammatory cytokines. However, the present data showed that TLR2 was not significantly changed in each infection group compared with the control, which suggested that TLR2 may be not a key contributor to the increased virulence by co-infection and this result is consistent with that of a previous study [30] . Thus, the role of TLR4 and its downstream signaling in coinfection are worthy of further investigations. Cytokine is an important part of the host defensive system that helps eliminate pathogens by recruiting inflammatory cells. However, overabundant cytokine production could cause pathology. In the present study, several cytokines were significantly regulated. For instance, CXCL2, CCL20, and IL2 were significantly upregulated in the H1N1 group (Table 3 ). In the SS2 infection, IL17D was elevated by 2.07-fold (Table 3) , which can stimulate production of IL6, IL8, and GM-CSF production in endothelial cells [31] . In the H1N1-SS2 group, CCL3, CCR1, CXCR4, CX3CL1, IL6ST, and IL17D were differently upregulated (Table 4) . Besides, MYD88, H1N1-SS2 Co-Infection in Pigs and Microarray Analysis NFKB1, TIRAP, TLR4, and TLR9 were upregulated from 1.63-to 2.32-fold in this group. These genes are all involved in the TLR signaling pathway, which can induce and then release proinflammatory factors. MAPK, a key pathway that regulates the synthesis of numerous cytokines, chemokines, and other inflammatory mediators [32] , was also significantly regulated in the three infection groups. Expectedly, co-infection modified the most number of regulated genes related to MAPK signalling (Fig 3B) . The MAPK signaling pathway has been found to be greatly induced and may be one of the key pathways that led to the immune response against S. suis [33] . Thus, it might suggest that the significant activation of the MAPK pathway plays some important roles in the pro-inflammatory responses caused by co-infection. Interestingly, CD163 was significantly upregulated in the SS2 (3.6-fold) and H1N1-SS2 (4.98-fold) infection groups, however, it was downregulated in H1N1 infection group. CD163 is a macrophage The DE genes associated with apoptosis were based on GO term and manual annotation. Manual annotations were listed in italics. Many genes with multiple functions were only listed in one category.
doi:10.1371/journal.pone.0124086.t005 H1N1-SS2 Co-Infection in Pigs and Microarray Analysis receptor for the bacterial binding [34, 35] and can induce the pro-inflammatory cytokines during infection [35, 36] . In addition, CD163 was associated with SS2 infection [37] . The CD163 upregulation demonstrated that CD163 may have some important roles in inflammatory responses, especially in H1N1-SS2 co-infection. The CD163 function in the co-infection pathogenesis needs further studies. Furthermore, genes related to ROS production were also identified to be upregulated. ROS is involved in many physiological processes, including cell proliferation, apoptosis, and immune and pro-inflammatory responses [38, 39] . Excessive ROS production could cause acute lung injury induced by H5N1 [26, 40] . NADPH oxidase mainly causes the ROS production in inflammatory cells [41, 42] , and CYBB is the primary component. CYBB is related to lung inflammation caused by influenza virus [43] . NCF1, NCF2, and NCF4 are all NADPH oxidase components. In the present study, CYBB, NCF1, NCF2, and NCF4 were significantly up-regulated in the H1N1-SS2 group. The increased NADPH oxidase expression implied more ROS production and would lead to oxidative stress, which caused more severe inflammatory damage in H1N1-SS2 group.
To maintain the development and metabolism homeostasis, the host must express anti-inflammatory factors to prevent infection-induced excessive inflammation. The PPAR pathway has an important role in anti-inflammatory response because it can reduce several pro-inflammatory cytokines and chemokines [44] . In the current study, several genes involved in this pathway were upregulated in all three infection groups. In addition, other regulated negative regulators, such as IL13RA1, IL1R2, and IL4R, were detected. This result indicated that the host tried to terminate the over-induced inflammatory responses. TGF-β is another interesting gene, which can act as a global regulator of immunity by controlling the initiation and resolution of inflammatory responses [45, 46] . Previous studies have proven that human H1N1 could induce TGF-β elevation, however, H5N1 downregulated the TGF-β secretion in a mouse model [47, 48] . TGF-β can also protect the host from the lethal influenza virus in a mouse model [49] . Therefore, TGF-β can function as a protective agent against virus invasion. Surprisingly, in our data, TGF-β was downregulated in H1N1 and SS2 group, and no significant change was observed in H1N1-SS2 groups. This result may be attributed to the different animal models used here. The role of TGF-β in immunopathology of infection in pigs remains to be further studied. Based from these results and with the lung pathological lesions, the H1N1-SS2 co-infection is proposed to induce stronger inflammatory responses, which caused more severe inflammatory damage in the lungs.
Stronger immune responses were induced by H1N1-SS2 co-infection
Cellular immune responses are critical for clearing the influenza virus [50] . NK cells, CD4 + and CD8+ T cells, and neutrophils increased upon influenza virus infection [51] . The increase of the immune cells is not only beneficial for clearing the virus, but may also contribute to pulmonary inflammation, which could cause immune damage and enhance the virulence. In the present study, several genes, as immune cell markers, were moderately upregulated, which contained CD14, CD1D, and CD163, in the SS2 and H1N1-SS2 groups. However, CD163 and CD1D were both downregulated, and CD14 was not significantly changed in H1N1 group. It indicated that the following SS2 infection might enhance or maintain the activation of immune response. However, the composition of the infiltrating immune cells was unknown, and investigating the frequency of immune cells in the lungs and BAL fluid from the H1N1 and SS2 coinfected pigs is highly attractive, because of the important contributions of their inflammatory and immune effect. Antigen processing and presentation is critical for the T cell activation and the adaptive immune response. However, T cells can also contribute to pathology when presented and activated in excess. In the present study, H1N1-SS2 co-infection enhanced several genes expression responsible for the antigen processing and presentation (S8 Data). For instance, SLA-DQA1, which belongs to the MHC class II histocompatibility antigen, was upregulated in H1N1-SS2 group. MHC class II molecules have significant functions in many virus infections in pigs. LGMN was upregulated by 3.47-fold. LGMN, a cysteine protease, was reported to be implicated in human regulatory T cell function [52] , and may be involved in the processing of proteins for MHC class II antigen presentation. Specially, KLRC1, an inhibitory receptor of Natural killer (NK) cell, was also upregulated in H1N1-SS2 group. NK cells play an important role in the immune response to viral infections, which can activate dendritic cells and also secret T helper type 1 (Th1) cytokines to augment cytotoxic T cell responses [53] . Previous studies showed that KLRC1 was upregulated on NK cells in HIV and HCV infection [54, 55] , and KLRC1 expressing NK cells correlated inversely with HCV RNA [56] . It indicated that KLRC1 might play roles in the H1N1-SS2 co-infection.
Complement is a major effector system of innate immunity, and it also influences the host adaptive immune response to micro-organisms or potential autoantigens [57, 58] . However, accumulating data have suggested that excessive activation of complement is involved in pathogenesis of inflammatory disease, inflammation responses, and acute respiratory distress syndrome [59, 60] . Our data indicated that more genes related to complement system were upregulated, which included C1R, C1S, C5AR1, C6, and KNG1 (S9 Data). It was possible that H1N1-SS2 co-infection triggered much stronger complement response to induce more intense immune responses.
Robust apoptosis induced by H1N1-SS2 co-infection
Influenza virus has been demonstrated to induce apoptosis, and swine streptococcus has also been reported to induce apoptosis in cultured porcine choroid plexus epithelia cells [61] . The modulation of host cell death pathways may eliminate key immune cells or evade the host defence through pathogen infection. Moreover, the activation or prevention of cell death could be a critical factor for an infection outcome [62] . In the present study, apoptosis was observed in the lungs from all infection groups, and increased robust apoptosis was induced by the H1N1-SS2 co-infection. The microarray analysis results also indicated that more genes involved in apoptosis pathway were regulated. In the H1N1-SS2 group, members of the TNFR superfamily (TNFRSF10A, TNFRSF1B, and TNFRSF8), caspase family (CASP2, CASP3, and CASP4), BCL2-like genes (BCL2L11 and BCL2L14), FASLG, and GZME were upregulated (Table 5) . TUNEL test also demonstrated that co-infection led to much higher apoptosis rate compared with separate infections (Fig 5) . The impacts of apoptosis on the viral replication vary depending on different virus. Infected cells possibly release the infectious viral particles into micro-environment, which then infect the nearby cells and trigger apoptosis. In this case, the infected nearby cells can host additional virus replication. In the present study, abundant cell apoptosis did not only cause serious lung damage, but also contribute to the dissemination of viruses, which in turn induced stronger pro-inflammatory responses with increased viral load. Therefore, co-infection by H1N1 and SS2 could potentiate virulence by causing severe apoptosis.
In this study, we co-infected SS2 on 3 days after H1N1 inoculation, and killed the pigs on day 6 of the experiment for microarray analysis. The choice of the time was depend on the biological characteristic of H1N1 and SS2. H1N1 infection could cause high-morbidity, but low mortality. The H1N1 infection with 10 7.0 EID50/mL could cause obvious flu symptoms within such as TNF-α, IFN-β, and IL-10. It might be due to the time point selected in our study was relatively later, or the sensitivity of microarray hybridization. The clinical co-infections of influenza virus and SS2 are highly complex, which makes the mechanism of the increased virulence much complex. The factors contributing to the complex may include infection doses of pathogens, the secondary infection time, different pathogens with various virulence, and even the environment factors. Based on this, more studies (studies with more infection times, more infection models, and more pathogens models) are needed to be performed to make the pathogenicity of co-infection much clearer.
Supporting Information S3 Data. Microscopic lung lesions in pigs from control group. Lungs were removed on day 6, and were fixed in formalin and embedded in paraffin, sectioned at 5μm, and stained with hematoxylin and eosin for further histopathologic evaluation.
S4 Data. Microscopic lung lesions in pigs from H1N1 group. Lungs were removed on day 6, and were fixed in formalin and embedded in paraffin, sectioned at 5μm, and stained with hematoxylin and eosin for further histopathologic evaluation.
S5 Data. Microscopic lung lesions in pigs from SS2 group. Lungs were removed on day 6, and were fixed in formalin and embedded in paraffin, sectioned at 5μm, and stained with hematoxylin and eosin for further histopathologic evaluation.
S6 Data. Microscopic lung lesions in pigs from H1N1-SS2 group. Lungs were removed on day 6, and were fixed in formalin and embedded in paraffin, sectioned at 5μm, and stained with hematoxylin and eosin for further histopathologic evaluation. 
